Background. Green organic solvents such as lactate esters have broad industrial applications and 22 favorable environmental profiles. Thus, manufacturing and use of these biodegradable solvents 23 from renewable feedstocks help benefit the environment. However, to date, the direct microbial 24 biosynthesis of lactate esters from fermentable sugars has not yet been demonstrated. 25
kcal/mol) in aqueous solutions and often encounter significant challenge due to self-75 polymerization of lactate [9] . Alternatively, microbial catalysts can be harnessed to produce these 76 esters from renewable and sustainable feedstocks in a thermodynamically favorable reaction (G 77 = -7.5 kcal/mol) in an aqueous phase environment at room temperature and atmospheric pressure 78 [10] [11] [12] [13] [14] [15] [16] . This reaction uses an alcohol acyltransferase (AAT) to generate an ester by condensing 79 an alcohol and an acyl-CoA. AAT can catalyze a broad substrate range including i) linear or 80 branched short-to-long chain fatty alcohols [10, 11, 17] , ii) aromatic alcohols [18] , and iii) 81 terpenols [19] [20] [21] [22] In this work, we aimed to demonstrate the feasibility of microbial production of lactate 88 esters as green organic solvents from renewable resources. To enable the direct microbial 89 biosynthesis of lactate esters from fermentable sugars, we first screened for an efficient AAT 90 suitable for lactate ester production using a library of five pyruvate-to-lactate ester modules with 91 divergent AATs. We next demonstrated direct fermentative biosynthesis of ethyl and isobutyl 92 lactate esters from glucose by co-introducing a pyruvate-to-lactate ester module and an alcohol 93 module (i.e., ethanol and isobutanol) into an engineered Escherichia coli modular cell. As a proof-94 of-study to improve ethyl lactate production, we employed a combination of metabolic engineering 95 and synthetic biology approaches to dissect the pathway to probe and alleviate the potential 96 metabolic bottlenecks. 97
RESULTS AND DISCUSSION

99
In vivo screening of efficient AATs critical for lactate ester biosynthesis 100
The substrate specificity of AATs is critical to produce target esters [13] . For example, 101 ATF1 exhibits substrate preference for biosynthesis of acyl (C4-C6) acetates while SAAT and 102 VAAT prefer biosynthesis of ethyl (C2-C6) acylates. Even though both SAAT and VAAT are 103 derived from the same strawberry genus, they also show very distinct substrate preferences; 104 specifically, SAAT prefers longer (C4-C6) acyl-CoAs whereas VAAT prefers shorter (C2-C4) 105 acyl-CoAs. To date, none of AATs have been tested for lactate ester biosynthesis. Thus, to enable 106 lactate ester biosynthesis, we began with identification of the best AAT candidate. We designed, 107 constructed, and characterized a library of five pyruvate-to-lactate ester modules (pJW002-006) 108 carrying five divergent AATs including ATF1, ATF2, SAAT, VAAT, and AtfA, respectively. 109
AtfA was used as a negative control because it prefers long-chain acyl-CoAs (C14-C18) and 110 alcohols (C14-C18) [42] . For characterization, 2 g/L of ethanol, propanol, butanol, isobutanol, 111 isoamyl alcohol, and benzyl alcohol were added to culture media with 0.5 mM of IPTG for 112 pathway induction to evaluate biosynthesis of six different lactate esters including ethyl lactate, 113 propyl lactate, butyl lactate, isobutyl lactate, isoamyl lactate, and benzyl lactate, respectively, in 114 high-cell density cultures (Fig. 1A) . 115
The results show that most of the strains could produce different types of lactate esters with 116 external supply of alcohols ( Fig. 1B, 1C ). EcJW104 achieved the highest titer of lactate esters in 117 all cases, producing 1.59 ± 0.04 mg/L of ethyl lactate, 5.46 ± 0.25 mg/L of propyl lactate, 11.75 ± 118 0.43 mg/L of butyl lactate, 9.92 ± 0.08 mg/L of isobutyl lactate, 24.73 ± 0.58 mg/L of isoamyl 119 lactate, and 51.59 ± 2.09 mg/L of benzyl lactate in ethanol, propanol, butanol, isobutanol, isoamyl 120 alcohol, and benzyl alcohol doping, respectively. The lactate ester biosynthesis of EcJW104 121 exhibited different alcohol substrate preference in the following order: benzyl alcohol > isoamyl 122 alcohol > butanol > isobutanol > propanol > ethanol ( Fig. 1B , Supplementary Table S2 ). 123
Due to the presence of endogenous acetyl-CoA, we also produced acetate esters in addition 124 to lactate esters ( Fig. 1 Figure S1 ). During 24 h fermentation, EcJW201 produced 2.24 ± 0.28 155 mg/L of ethyl lactate with a specific productivity of 0.04 ± 0.00 mg/gDCW/h while EcJW202 156 produced 0.26 ± 0.01 mg/L of isobutyl lactate with a specific productivity of 0.01 ± 0.00 157 mg/gDCW/h. In addition to ethyl or isobutyl lactate biosynthesis, EcJW201 also produced 92.25 158 ± 9.20 mg/L of ethyl acetate while EcJW202 generated 1.36 ± 0.74 mg/L of ethyl acetate and 0.34 159 ± 0.07 mg/L of isobutyl acetate ( Supplementary Table S3A ). Taken altogether, the direct microbial 160 synthesis of lactate esters from fermentable sugar was successfully demonstrated. Since the lactate 161 ester production was low, the next logical step was to identify and alleviate the key pathway 162 bottlenecks for enhanced lactate ester biosynthesis. As proof-of-principle, we focused on 163 optimization of the ethyl lactate production as presented in the subsequent sections. 164
Identifying and alleviating key bottlenecks of the ethyl lactate biosynthesis pathway 166
Evaluating the biosynthesis of ethyl lactate in pH-controlled fermentation as a basis to 167
identify potential pathway bottlenecks. In an attempt to identify the key bottlenecks of the ethyl 168 lactate biosynthesis pathway, we characterized EcJW201 in pH-controlled bioreactors. The results 169
show that EcJW201 produced 9.17 ± 0.12 mg/L of ethyl lactate with a specific productivity of 0.15 170 ± 0.02 mg/gDCW/h and a yield of 0.19 ± 0.00 mg/g glucose ( Fig. 2C , Supplementary Table S3B ) 171 in 18 h. Under pH-controlled fermentation, EcJW201 achieved 4.09-fold (from 2.24 ± 0.28 to 9.17 172 ± 0.12 mg/L), 3.75-fold (from 0.04 ± 0.00 to 0.15 ± 0.02 mg/gDCW/h), and 19-fold (from 0.01 ± 173 0.00 to 0.19 ± 0.00 mg/g glucose) improvement in titer, specific productivity, and yield, 174 respectively, as compared to the strain performance in the high cell density culture. It is interesting 175 to observe that ethyl acetate was first produced then consumed after 10 h, which is likely due to 176 the endogenous esterase of E. coli as observed in a recent study [43] . Different from ethyl acetate, 177 we did not observe ethyl lactate degradation during fermentation, especially after glucose was 178 depleted. Even though the strain performance in pH-controlled bioreactors was enhanced by 179 increased supply of precursor metabolites (19.35±0.29 g/L of lactate and 10.31± 0.41 g/L of 180 ethanol, Supplementary Table S3B ) from higher concentration of carbon source, the titer of ethyl 181 lactate did not increase during the fermentation. This result suggests that (i) rate-limiting 182 conversion of lactate into lactyl-CoA by Pct and/or condensation of lactyl-CoA with an ethanol by 183 VAAT and/or (ii) toxicity of ethyl lactate on E. coli health might have limited lactate ester 184 biosynthesis. Therefore, to enhance ethyl lactate production, it is important to elucidate and 185 alleviate these identified potential bottlenecks. Figure S2B ). This result was consistent with literature, 199
illustrating that increasing toxicity of esters is highly correlated with increasing chain length of 200 alcohol moieties that can severely disrupt cell membrane [44] . It should be note that since E. coli 201 can effectively secrete short-chain esters [10], external exposure of cells to lactate esters in our 202 experiment design is sufficient to probe the potential toxicity caused by endogenous production of 203 these esters. Taken altogether, ethyl lactate is the least toxic and was not likely the main reason for 204 the low production of ethyl lactate observed. It was likely the downstream pathway, responsible 205 for conversion of lactate into lactyl-CoA by Pct and/or condensation of lactyl-CoA with ethanol 206 by VAAT, might have been contributed to the inefficient ethyl lactate biosynthesis. 207
Downstream pathway of the lactate ester biosynthesis is the key bottleneck. To identify 208
and alleviate the ethyl lactate biosynthesis pathway, we re-modularized it with two new parts: i) 209 the upstream module carrying ldhA, pdc, and adhB for production of lactate and ethanol from sugar 210 and ii) the downstream module carrying pct and VAAT for converting lactate into lactyl-CoA and 211 condensing lactyl-CoA and ethanol ( Fig. 3A ). We controlled metabolic fluxes of these modules 212 by manipulating their plasmid copy numbers and levels of promoter induction with IPTG. By 213 introducing the plasmids pJW007-015 into EcDL002, we generated the strains EcJW106-108 and 214
EcJW203-208, respectively ( Fig. 3B ). To evaluate the performance of these constructed strains for 215 ethyl lactate production, we characterized them in high cell density cultures induced with various 216 concentrations of IPTG (0.01, 0.1, and 1.0 mM). 217
The results show that EcJW204, carrying the upstream module with a low copy number 218 plasmid (P15A origin) and the downstream module with a high copy number plasmid (RSF1030 219 origin) induced by 0.01 mM of IPTG, achieved the highest titer of ethyl lactate. As compared to 220 EcJW201, EcJW204 achieved 4.96-fold (an increase from 2.24 to 11.10 ± 0.58 mg/L), 5.50-fold 221 (from 0.04 ± 0.00 to 0.22 ± 0.02 mg/gDCW/h), and 54.0-fold (from 0.01 ± 0.00 to 0.54 ± 0.04 222 mg/g glucose) improvement in titer, specific productivity, and yield of ethyl lactate, respectively 223 ( Fig. 3B , Supplementary Table S5 ). Upon IPTG induction at 24 h, we observed the reduced cell 224 growth of the host strains with use of high concentration of IPTG ( Fig. 3C , Supplementary Table  225 S4), suggesting that they suffered from metabolic burden due to overexpression of multiple 226 enzymes [45] and also explaining why use of low concentration of IPTG can help yield better 227 production of ethyl lactate. 228
Although EcJW204 showed better performance in ethyl lactate production than EcJW201, 229 the accumulation of lactate and ethanol was still observed ( Fig. 3F and 3G, Supplementary Table  230 S4), indicating the pathway bottleneck remained. In particular, the downstream module flux was 231 outcompeted by the upstream module flux and hence failed to turn over the precursor metabolites 232 quickly enough. This result helps explain why a combination of the upstream module (for 233 producing lactate and ethanol from sugar) with a low copy number plasmid and the downstream 234 high copy number plasmid outperformed eight other combinations. Notably, the best ethyl lactate 236 producer EcJW204 achieved the highest lactate and lowest ethanol production among the nine 237 characterized strains ( Fig. 3F and 3G , Supplementary Table S4 ), suggesting redistribution of the 238 carbon flux from ethanol to lactate likely helped improve ethyl lactate production. Thus, we 239 hypothesized that redistribution of the carbon source from ethanol to lactate would help to improve 240 ethyl lactate production. To test this hypothesis, we first examined whether i) downregulation of 241 The results show that while the carbon flux was successfully redistributed from ethanol to 253 lactate, resulting in 5.97~6.92-fold decrease in ethanol production (from 8.30 ± 0.17 to 1.39 ± 0.10 254 ~ 1.20 ± 0.01 g/L) and 1.67~2.59-fold increase in lactate production (from 1.06 ± 0.09 to 1.77 ± 255 0.37 g/L~2.75 ± 0.09 g/L) ( Supplementary Table S6A ), the ethyl lactate production was reduced 256 by 7.99~11.81-fold in ethyl lactate production (from 11.10 ± 0.58 to 1.39 ± 0.40 ~ 0.94 ± 0.22 257 Table S6B ). This result suggests that a high level of ethanol is critical for VAAT to produce ethyl 259 lactate. 260
To support this conclusion, we evaluated the effect of external ethanol supply on 261 Supplementary Table S6 ). Interestingly, while the total titer of 271 ethyl esters increased with the increasing addition of ethanol ( Fig. 5A ), the proportion of ethyl 272 lactate in the total ester slightly increased in the range of 3.2~7.0% ( Fig. 5B ), suggesting that 273 VAAT prefers acetyl-CoA over lactyl-CoA with ethanol as a co-substrate. Notably, we observed 274 a strong linear correlation between ethyl esters production and the amount of added ethanol (i.e., 275 for ethyl lactate, R 2 = 0.85~0.94; for ethyl acetate, R 2 = 0.99~1.00) (Supplementary Figure S4A) . 276
The results revealed that abundant availability of ethanol is essential to achieve high production of 277 ethyl esters, indicating the main reason for the improved ethyl lactate production in EcJW204 was 278 most likely due to the upregulation of downstream module with a high copy number plasmid. 279
Pct for conversion of lactate to lactyl-CoA or VAAT for condensation of lactyl-CoA and an alcohol 281 was the most rate limiting step of the downstream module, we redesigned and constructed nine 282 downstream modules (pJW027-035) derived from pJW012 of the best performer EcJW204 using 283 a combination of three synthetic RBSs for Pct expression (synRBSpct#1-3) and three synthetic RBSs 284 for VAAT expression (synRBSVAAT#1-3) ( Fig. 4A, Supplementary Figure S3B ). We introduced 285 each newly constructed downstream module into EcDL002 together with the original upstream 286 module (pJW007) used in EcJW204 to generate EcJW213-221. Then, we characterized the 287 constructed strains in high cell density cultures induced with 0.01 mM IPTG. 288
The results show that the strains harboring the stronger RBSs for VAAT expression 289 achieved the higher titers of ethyl lactate and ethyl acetate regardless of the RBS strengths for Pct 290 expression ( Fig. 4C , Supplementary Table S7 ). There is a strong linear correlation between ethyl 291 ester production and the strength of RBS for VAAT expression (Supplementary Figure S4B ). To 292 further validate these results without the influence of the upstream module, we additionally 293 constructed the strains EcJW109-117 by introducing nine individual downstream modules 294 (pJW027-035) into EcDL002 and then characterized these strains in high cell density cultures with 295 addition of 2 g/L of lactate, 2 g/L of ethanol, and 0.01 mM of IPTG. We could observe the same 296 strong linear correlation between ethyl ester production and high VAAT expression without the 297 upstream module (Fig. 5C ). 298
Taken altogether, these results suggest that VAAT not Pct was the most rate limiting step 
METHODS
TOP10 strain was used. To generate the lactate ester production strains, the modules, including i) 327 the pyruvate-to-lactate ester modules (pJW002-006), ii) the upstream and/or downstream modules 328 (pJW007-pJW028), and iii) the alcohol modules (pCT24 or pCT13), were transformed into the 329 engineered modular E. coli chassis cell, EcDL002 [10] via electroporation [48] . 330
Plasmid construction 331
The list of plasmids and primers used in this study are presented in Table 2 and Table 3 The upstream modules (pJW007-009) were constructed by assembling three DNA 359 fragments: i) the ldhA gene amplified from pJW001 using the primer pair JW_0001/JW_0002, ii) 360 the ethanol module containing pdc and adhB genes amplified from pCT24 using the primer pair 361 JW_0003/JW_0004, and iii) the backbone amplified from pACYCDuet-1 for pJW007, from 362 pETDuet-1 for pJW008, or from pRSFDuet-1 for pJW009 using the primer pair 363 JW_0005/JW_0006. 364
The downstream modules (pJW010-012) were constructed by assembling three DNA 365 fragments: i) the pct gene amplified from pJW001 using the primer pair JW_0007/JW_0008, ii) 366 the VAAT gene amplified from pJW005 using the primer pair JW_0009/JW_0010, and iii) the 367 backbone amplified from pACYCDuet-1 for pJW010, pETDuet-1 for pJW011, or pRSFDuet-1 for 368 pJW012 using the primer pair JW_0011/JW_0012. 369
The combined upstream and downstream modules (pJW013-015) were constructed by 370 assembling two DNA fragments: i) the upstream module amplified from pJW007 using the primer 371 pair JW_0001/JW_0004 and ii) the backbone containing the downstream module amplified from 372 pJW010 for pJW013, pJW011 for pJW014, or pJW012 for pJW015 using the primer pair 373 JW_0005/JW_0006. 374 the fermentation, to achieve high cell density, dual-phase fermentation approach [25, 57], aerobic 451 cell growth phase followed by anaerobic production phase, was applied. For the first aerobic phase, 452 the temperature, agitation, and air flow rate were maintained at 37°C, 1000 rpm, and 1 453 volume/volume/min (vvm) for 4 h, respectively. Then, the oxygen in the medium was purged by 454 sparing nitrogen gas at 2 vvm for 2 h to generate anaerobic condition. For the subsequent anaerobic 455 phase, 0.5 mM of IPTG was added to induce the protein expression, and the culture temperature 456 and nitrogen flow rate were maintained at 30°C and 0.2 vvm, respectively. During the 457 fermentation, the pH was maintained at 7.0 with 5 M KOH and 40% H3PO4. Bioreactor batch 458 fermentation studies were performed in biological duplicates. 459 ethyl-, propyl-, butyl-, isobutyl-, isoamyl-, or benzyl lactate, in a 96-well microplate. Then, the 463 microplate was sealed with a plastic adhesive sealing film, SealPlate® (EXCEL Scientific, Inc., 464 CA, USA) to prevent evaporation of lactate esters and incubated at 37 o C with continuous shaking 465 using a BioTek Synergy HT microplate reader (BioTek Instruments, Inc., VT, USA). OD600nm was 466 measured at 20 min intervals. Growth inhibition studies of lactate esters were performed twice in 467 biological triplicates (n = 6). 468
Construction of a library of upstream and downstream modules with various promoters
Protein expression and SDS-PAGE analysis 469
Seed cultures were prepared as described in high-cell density cultures. was used as the carrier gas at a flow rate of 0.5 mL/min and the analytes were separated on a 496
Phenomenex ZB-5 capillary column (30 m x 0.25 mm x 0.25 μm). The oven temperature was 497 programmed with an initial temperature of 50°C with a 1°C/min ramp up to 58°C. Next a 25°C/min 498 ramp was deployed to 235°C and then finally held a temperature of 300°C for 2 minutes to elute 499 any residual non-desired analytes. The injection was performed using a splitless mode with an 500 initial injector temperature of 280°C. For the MS system, a selected ion monitoring (SIM) mode 501 was deployed to detect analytes. 502
The SIM parameters for detecting lactate esters were as follows: i) for pentanol, ions 53.00, 503 60.00, and 69.00 detected from 5.00 to 7.70 min, ii) for ethyl lactate, ions 46.00, 47.00, and 75.00 504 detected from 7.70 to 10.10 min, iii) for propyl lactate, ions 59.00, 88.00, and 89.00 detected from 505 10.10 to 11.00 min, iv) for isobutyl lactate, ions 56.00, 57.00, and 59.00 detected from 11.00 to 506 11.60 min, v) for butyl lactate, ions 75.00, 91.00, and 101.00 detected from 11.60 to 12.30 min, 507 vi) for isoamyl lactate, ions 46.00, 73.00, 75.00 from 12.30 to 14.50 min, and vii) for benzyl lactate, 508 ions 45.00, 91.00, and 180.00 from 14.50 to 15.08 min. The SIM parameters for detecting acetate 509 esters were as follows: i) for ethyl acetate, ions 45.00, 61.00, and 70.00 detected from 4.22 to 5.35 510 min, ii) for propyl acetate, ions 57.00, 59.00, and 73.00 detected from 5.35 to 6.40 min, iii) for 511 pentanol, ions 53.00, 60.00, and 69.00 detected from 6.40 to 6.60 min, iv) for isobutyl acetate, ions 512 56.00, 61.00, and 73.00 detected from 6.60 to 7.70 min, v) for butyl acetate, ions 57.00, 71.00, and 513 87.00 detected from 7.70 to 9.45 min, vi) for isoamyl acetate, ions 58.00, 70.00, and 88.00 detected 514 from 9.45 to 13.10 min, and vii) for benzyl acetate, ions 63.00, 107.00, and 150.00 from 13.10 to 515 15.82 min. The authors would like to thank the Center of Environmental Biotechnology at UTK for using the 537 
